Discerning mechanisms of sulfate formation during fine-particle pollution (referred to as haze hereafter)in Beijing 16 is important for understanding the rapid evolution of haze and for developing cost-effective air pollution mitigation strategies. 17
improved the underestimate of modelled sulfate concentrations in 2013 Beijing haze by using a relative humidity (RH)-55 dependent uptake coefficient (γ) of SO 2 on aerosols, without knowing the specific mechanisms of heterogeneous oxidation of 56 SO 2 . Hung and Hoffmann(2015) proposed that rapid S(IV) oxidation by O 2 via a radical chain mechanism initiated due to the 57 speciality of interfacial water on acidic microdroplets (pH ≤ 3) could be responsible for heterogeneous sulfate production in 58
Beijing haze, while Cheng et al.(2016) suggested that S(IV) oxidation by NO 2 (Lee and Schwartz, 1982; Clifton et al., 1988) 59 in aerosol water could be important due to the high RH and NO 2 concentrations during severe haze in NCP. Due to the 60 strong pH-dependence of these two pathways and the large variability of model calculated aerosol pH in Beijing haze 61 (Cheng et al., 2016; Wang et al., 2016; Liu et al., 2017) , the relative importance of these two pathways is difficult to constrain. 62 Water (Matsuhisa et al., 1978) , is a useful tool for estimating the relative importance of different sulfate formation pathways 65 because each oxidant transfers its Δ 17 O signature to the product (Table 1) Bao et al., 2000) . Sulfate produced by NO 2 oxidation is suggested to occur either via a radical 72 chain mechanism (Shen and Rochelle, 1998) 
Measurements of ions and isotope ratios 95
A detailed description of the method for chemical analysis of NH 4 + , K + , Ca 2+ , Na + , Mg 2+ , SO 4
2-
, NO 3 -andClcan be 96 found in the literature (Ye et al., 2015) . Briefly, ions were extracted from a part (2 cm × 2 cm) of each filter with 20 ml of 97 Millipore water (≥ 18 MΩ) by sonication for 80 min in an ice water bath. Insoluble substances in the extract were filtered 98 with 0.45 μm filters before analysis. Then the pH of filtrates was measured by an ion activity meter (model PXS-215, 99
Shanghai INESA Scientific Instrument Co., Ltd., China) . And the ion concentrations were analysed using Dionex ICS-2100 100 in non-polluted days (NPD, PM 2.5 < 75 μg m -3 ) and 24 filters sampled in polluted days (PD, PM 2.5 ≥ 75 μg m -3 ) were analysed. 114
Estimate of the overall rate of heterogeneous sulfate production 115
Heterogeneous sulfate production (P het ) is commonly parameterized in models according to Eq. (1) (Jacob, 2000; Zheng 116 et al., 2015a): 117
where P het is in unit of μg m -3 h -1 , 3600 is a time conversion factor (s h -1 ), 96 is the molar mass of SO 4 2-(g mol -1 ), R is the 119 gas constant (0.082 atm L K -1 mol -1 ), and T is temperature in K. R p is the radius of aerosol particles (m), D g is the gas-phase 120 molecular diffusion coefficient of SO 2 (m 2 s -1 ), ν is the mean molecular speed of SO 2 (g) (m s -1 ), γis the uptake coefficient of 121 SO 2 on aerosols (unitless), [SO 2 (g)] is the gas-phase concentration of SO 2 (ppb) and S p is the aerosol surface area per unit 122 volume of air (m 2 m -3 ). The typical tropospheric value of D g and ν is 2×10 -5 m 2 s -1 and 300 m s -1 , respectively (Jacob, 2000) . 123
Observations of PM 2.5 mass concentrations (μg m -3 ) and PM 2.5 mean radius (m) during Beijing haze roughly follows an 124 empirical formula: R p = (0.254×PM 2.5 +10.259)×10 -9 (Guo et al., 2014) . By using the volume and surface area formulas of a 125 sphere and the mean density of particles (ρ= 1. precursors of secondary sulfate are anthropogenic, we have n ap = 3% × (n SO2 + n sas ), where n sas = n tos -n ss -n ts -n ap and n ap , n sas , 139 n tos , n ss and n ts is the molar concentrations of anthropogenic primary sulfate (ap), secondary sulfate (sas), total sulfate (tos), 140 sea salt sulfate (ss) and terrigenous sulfate (ts). The estimated concentration of total primary sulfate is the sum of primary 141 sulfate from all these sources. 142
Estimate of sulfate production rate from OH oxidation in the gas-phase 143
The sulfate production rate from OH oxidation in the gas-phase (P SO2+OH ) can be expressed as: 144
whereP SO2+OH is in unit of μg m -3 h -1 , 3600, 96, R and T is the same as Eq. (1).R SO2+OH is the chemical reaction rate (ppb s -1 ), 146 calculated as shown in Table S1 and S2. 147
Estimate of in-cloud sulfate production rate 148
The main in-cloud sulfateformation pathways considered here include S(IV) oxidation by H 2 O 2 , O 3 , NO 2 (Wang et al., 149 2016) and O 2 via a radical chain mechanism initiated by TMIs (Alexander et al., 2009 ). Their chemical reaction rate 150 expressions (R S(IV)+oxi ) and rate constants (k) are summarized in Table S3 . The rate of in-cloud sulfate production by a certain 
where f S(IV)+O3 and f S(IV)+H2O2 are the fractional contributions of S(IV) oxidation by O 3 and H 2 O 2 oxidation to total sulfate 161 production, respectively, and f zero-Δ17O represents the fractional contribution of sulfate with zero-Δ 17 O processes such as 162 primary sulfate, secondary sulfate formed via OH oxidation, NO 2 oxidation, and O 2 oxidation via a radical chain reaction 163 initiated by TMIs in cloudsor due to the speciality of interfacial water on acidic microdroplets. By definition, we have 164 Where P cloud is the rate of total in-cloud sulfate production, which was calculated as the sum of in-cloud S(IV) oxidation by 175 problems in which T, RH and the concentrations of aerosol (but not gas) species are known. We used the forward method to 181 calculate AWC, aerosol pH and I s as this method has been shown to best predict aerosol pH (Hennigan et al., 2015) . The in California, USA suggested that not all aerosolsare in metastable state, even though the fractional occurrence of metastable 185 aerosolsincreases with increasing RH in urban sites (i.e., from near 0 at RH <round 30% to near 100 % at RH > round 80%, 186 roughly following Eq. (9)). So we also predicted the AWC, pH and I s in stable mode (assuming that bulk aerosols crystallize 187 once saturation is exceeded), which is consistent with Wang et al.(2016) .The input of observed inorganic ion concentrations 188 and meteorological parametersare summarized in Table S4 . Since gaseous NH 3 was not measured in our campaign, we used 189 the empirical equation NH 3 (ppb) = 0.34×NO X (ppb)+0.63, derived from observations of Meng et al.(2011) in Beijing winter, 190 to estimate the NH 3 concentrations. We used NO 2 concentrations instead of NO X as input due to the lack of NO X 191 observations in our study, which would give a lower end of the NH 3 concentrations. Given the importance of AWC for 192 reaction rates and the fact that ISORROPIA II underestimates AWC at low RH (Bian et al., 2014) , samples with RH < 40% 193 are excluded from analysis (Hennigan et al., 2015) . This excludes 8 out of the total 34 samples (24%), with 6 of them in 194 NPD. A total of 4 samples in NPD and 22 samples in PD were analysed for AWC, aerosol pH and I s using observations and 195 the ISORROPIA II model. Due to that the predicted I s is high (I s > 10 M, Table S4 ), which suggests aerosol water is non-ideal, 196 the influence of I s on reaction rate constants (Table S3 ) and effective Henry's law constants (Table S5) is taken into 197 considerationwhen the influence is known. 198
where MF (in %) is the fraction of metastable aerosols to total aerosols. 200
Estimate of aqueous concentrations of trace species 201
The aqueous concentrations of SO 2 , O 3 , H 2 O 2 and NO 2 were calculated as described in Table S5 . The reaction rate expressions, rate constants (k) and the influence of I s on k for sulfate production in aerosol water are 218 summarized in Table S3 . The overall rates for S(IV) oxidation in aerosol water depend not only on chemical reaction rates 219 (Table S3) for secondary sulfate formation (Sun et al., 2006) , also increased rapidly with PM 2.5 levels, from a mean of (0.12±0.04) in 251 NPD to (0.41±0.17) in PD (Fig. 1b) . 252 (Table 1) . 261
Direct estimate of sulfate formation pathways based on Δ 17 O obs 262
The fact that Δ 17 O obs falls out of the range of any single reaction pathway suggests that sulfate in Beijing haze must be 263 produced by multiple reactions. (Fig. 1b) , f zero-Δ17O was respectively in the range of 57-95%, 86-98% and 57-95%, corresponding to f S(IV)+H2O2 267 being in the range of 0-43 %, 0-14 % and 0-43% respectively, which suggests zero-Δ 17 O pathways clearly dominated 268 sulfate formation during PD of Case IV. However, for other samples, the maximum possible f S(IV)+H2O2 ranged from 71 to 100% 269 with a mean of (93±7)% while the maximum possible f zero-Δ17O was 75 to 92% with a mean of (86±4)%, implying that sulfate
Chemical kinetic calculations with the constraint of Δ 17 O obs 272
The good correlation between RH and SOR in Fig. 4a (r = 0.76, p < 0.01) suggests heterogeneous reactions played an 273 important role in sulfate formation. Our calculations show that overall heterogeneous sulfate production (P het , see Sect. 2.3) 274 presented similar trends with PM 2.5 concentrations (Fig. 4b) and increased from a mean of (0.6±0.3) μg m -3 h -1 in NPD to 275 In contrast, we found that during PD of Case II in October 2014, heterogeneous sulfate production only accounted for 23% 284 of total sulfate production while in-cloud sulfate production predominated total sulfate production with an estimated fraction 285 of 68%. The predominant role of in-cloud sulfate production in PD of Case II was supported by the relative high LWC 286 during this time period (Fig. 6a ). Our calculations also suggest the in-cloud sulfate production was dominated by H 2 O 2 287 oxidation throughout our sampling period (Fig. 6b) , which is consistent with previous findings that H 2 O 2 oxidation is the 288 most important in-cloud sulfate production pathway globally (Seinfeld and Pandis, 2012) and in NCP (Shen et al., 2012) . In 289 addition, the Δ 17 O of sulfate produced in clouds (Δ 17 O cloud ) was estimated to range from 0.5‰ to 0.8‰ with a mean of 290 (0.6±0.1)‰ during our sampling period and showed similar variations with Δ 17 O obs (Fig. 6c ). The mean value of 291 To explore the specific mechanisms of heterogeneous oxidation of SO 2 , we calculate aerosol parameters such as aerosol 295 water content (AWC), pH and ionic strength (I s ) by using the ISORROPIA II thermodynamic model (Fountoukis and Nenes, 296 2007)( Fig.7 , see Sect. 2.8). It was found that the assumptions about aerosol thermodynamic state (salts crystallize once 297 saturation is exceeded, termed as "stable state" or aerosol solution is supersaturated, termed as "metastable state") 298 significantly influence the calculated aerosol pH, but have little impact on the calculated AWC and I s (Fig. 7) . Calculated 299 AWC increased with PM 2.5 concentrations, from (5.3±7.4) μg m -3 in NPD to (63.5±54.6) μg m -3 in PD when assuming stable 300 state and from (9.6±6.0) μg m -3 in NPD to (84.2±49.2) μg m -3 in PD when assuming metastable state (Fig. 7a ). Calculated I s 301 was similar for stable and metastable assumptions, ranging from 11.3 to 51.6 M (Fig. 7b) . The high I s suggested aerosol 302 water was non-ideal and thus the influence of I s on reaction rate constants (Table S3 ) and effective Henry's law constants the range of 7.5 to 7.8 with a mean of (7.6±0.1), consistent with bulk aerosol pH (7.63±0.03) calculations during a haze 305 event in Beijing 2015 predicted by Wang et al.(2016) . The bulk aerosol pH calculated assuming metastable state was in the 306 range of 3.4 to 7.6 with a mean of (4.7±1.1), consistent with the mean value of 4.2 calculated in metastable aerosol 307 assumption during severe haze in Beijing 2015-2016 by Liu et al.(2017) . The calculated aerosol pH assuming metastable 308 state decreased with increasing PM 2.5 levels, from a mean of (6.5±1.3) in NPD to (4.4±0.6) in PD, while that assuming stable 309 state shows no relationship with PM 2.5 concentrations (Fig. 7c ). Our measured pH of filtrate ranged from 4.6 to 8.2 with an 310 mean of (5.7±1.0), similar to pH of filtrate from PM 2.5 in Beijing reported by Wang et al.(2005) . The measured pH of filtrate 311 shows similar trends with bulk aerosol pH calculated assuming metastable state (Fig. 7c) , with a mean value (6.9±0.7) in 312 NPD and (5.1±0.6) in PD, which suggests that bulk aerosols are in metastable statewith moderate acidityin PD. This is also 313 consistent with our estimate that most aerosols are in metastable with a fraction of (74±17) % in PD by using Eq. (9) and our 314 cognition that the mixture of major acidic aerosols with minor neutralaerosols would lead to the bulk being acidic. However, 315
as the effective Henry's law constant of SO 2 at pH= 7.6(stable state) can be 3 orders magnitude higher than that at pH = 4.4 316 (metastable state in PD) (Seinfeld and Pandis, 2012), the high pH could render stable state aerosols, which are minorities 317 although, being potentiallysignificant active sites for heterogeneous sulfate production during PD. 318
The main heterogeneous sulfate formation pathways include S(IV) oxidation by H 2 O 2 , O 3 , NO 2 and O 2 initiated due to 319 the speciality of interfacial water on acidic microdroplets as proposed by Hung and Hoffmann(2015) . Other sulfate 320 formation pathways such as S(IV) oxidation by NO 3 radical, methyl-hydrogenperoxide (MHP), peroxyacetic acid (PAA), 321 and hypohalous acids in aerosol water (Feingold et al., 2002; Walcek and Taylor, 1986;Chen et al., 2017) is thought to be 322 negligible during haze in NCP (Cheng et al., 2016) , and thus is not considered here. We estimate the relative importance of 323 main heterogeneous sulfate formation pathways as the following procedure. Firstly, the heterogeneous sulfate production 324 rate via S(IV) oxidation by H 2 O 2 (P het, S(IV)+H2O2 ) was calculated with the influence of I s being considered, which has been 325 determined at high I s in laboratories. Then its fractional contribution (f het, S(IV)+H2O2 ) to overall heterogeneous sulfate 326 production (P het ) calculated using apparent γ (see Sect. 2.3) was estimated. However, large uncertainties exist in the 327 influence of I s on the reaction rate constant of S(IV) oxidation by O 3 in aerosol water (Table S3) Calculations show that f het, S(IV)+H2O2 was 4-6% with a mean of (5±1)% under stable aerosol assumptions, and 8-19% 334 with a mean of (13±4)% under metastable state assumptions for PD of all the Cases. f het, S(IV)+O3 was calculated to be 2-47% 335 with a mean of (22±17)% in stable state assumption and 0-47% with a mean of (21±18)% in metastable state assumption. cloud reactions, our calculations suggest zero-Δ 17 O pathways such as S(IV) oxidation by NO 2 in aerosol water and by O 2 on 339 acidic microdroplets are important for sulfate formation during Beijing haze. 340 Cheng et al. (2016) suggested that S(IV) oxidation by NO 2 in aerosol water could largely account for the missing sulfate 341 source in 2013 Beijing haze. In their study, the calculated mean aerosol pH is 5.8, while influence of I s was not taken into 342 account due to the lack of relevant experimental data. The calculated P het, S(IV)+NO2 is highly sensitive to aerosol pH. In our 343 study, when aerosol pH decreased from (7.6±0.1) assuming stable state to (4.7±1.1) assuming metastable state, mean P het, 344 S(IV)+NO2 decreased from (6.5±7.7) μg m -3 h -1 to (0.01±0.02) μg m -3 h -1 for PD of all the Cases (Fig. 8) . The former is much 345 larger than our estimate of overall heterogeneous production rate, P het = (2.0±1.1) μg m -3 h -1 , while the latter is too small. 346
Moreover, the influence of I s was not considered, which, in principal, tends to increase the reaction rate constant of S(IV) 347 oxidation by NO 2 (Cheng et al., 2016) . The treatment of aerosols as a bulk quantity, assuming that all aerosols are either in 348 stable or metastable state, may lead to errors in calculating heterogeneous sulfate production rates. As stated in Sect. 2.8, not 349 all aerosols are in metastable state, even though the fractional occurrence of metastable aerosols increases with increasing 350 RH (Rood et al., 1989) . It shows in Fig. 9athat the fraction of metastable aerosols to total aerosols (MF in %), estimated by 351 using Eq. (9), increases with PM 2.5 levels.However, P het, S(IV)+NO2 assuming a combination of metastable and stable state as P het, 352 S(IV)+NO2 = MF×P het, S(IV)+NO2, metastable + (100 %-MF)×P het, S(IV)+NO2, stable can still increase with PM 2.5 levels and reach (0.9±0.7) 353 during PD of all the Cases (Fig. 9b ), much higher than P het, S(IV)+NO2 = (0.01±0.02) μg m -3 h -1 under sole metastable aerosol 354 assumption. This estimate suggested that even though the majority of aerosols may be in metastable state during PD (74 ± 355 17 % in our calculation), the high pH of the minority of aerosols in stable state could render S(IV) oxidation by NO 2 a 356 potentially significant pathway for heterogeneous sulfate production. 357
Since P het, S(IV)+NO2 using calculated aerosol pH assuming metastable state was two orders of magnitude lower than P het 358 during PD, we further examined S(IV) oxidation by O 2 on acidic microdroplets under the metastable state assumption. A 359 laboratory study suggested that SO 2 oxidation by O 2 on acidic microdroplets has a large aqueous-phase reaction rate constant 360 of 1.5×10 6 [S(IV)] (M s -1 ) at pH ≤ 3, a pH range much lower than our calculated pH values. The rate constant was shown to 361 decrease with increasing pH, however, no values of the rate constant at pH > 3 was reported (Hung and Hoffmann, 2015) . 362 Fig.8b shows heterogensous sulfate production rate via S(IV) oxidation by O 2 on acidic microdroplets(P het, S(IV)+O2 ) with 363 AWC calculated assuming metastable state and the aqueous-phase rate constant for pH ≤ 3 being used. The estimated P het, 364 S(IV)+O2 was 1520.5 to 130359.1 μg m -3 h -1 with a mean of (25166.8±27266.3) μg m -3 h -1 during PD of all Cases, which is 365 four order of magnitude larger than P het . This value should be an overestimate due to our calculated bulk aerosol pH 366 predicted in metastable state being (4.4±0.6) during PD. However, some fraction of aerosols could have pH ≤ 3 due to the 367 Kelvin effect (Hung and Hoffmann, 2015) to render S(IV) oxidation by O 2 on acidic microdroplets a potentially important 368 pathway for heterogeneous sulfate production. 
Conclusions 370
Our study suggests that both heterogeneous reactions (Case I and III-V) and in-cloud reactions (Case II) can dominate 371 sulfate formation during Beijing haze. The Δ 17 O-constrained calculation shows that the heterogeneous sulfate production 372 during haze events in our observation was mainly (66 to 73% on average) from reactions that result in sulfate with Δ 17 O=0‰, 373
i.e., S(IV) oxidation by NO 2 and/or S(IV) oxidation by O 2 on acidic microdroplets. S(IV) oxidation by H 2 O 2 and O 3 374 accounted for the rest (27 to 34%) of heterogeneous sulfate production. However, given the large difference in predicted 375 aerosol pH assuming metastable aerosol state and stable aerosol state (pH = 7.6±0.1 and 4.7±1.1, respectively) and the strong 376 dependence of S(IV) + NO 2 and S(IV) + O 2 on aerosol pH, we cannot quantify the relative importance of these two pathways 377 for heterogeneous sulfate production. S(IV) + NO 2 in aerosol water can be the dominant pathway when aerosols are in stable 378 state with pH = 7.6±0.1, while S(IV) + O 2 can take over providing that highly acidic aerosols (pH ≤ 3) exist.To distinguish 379 which of these two mechanisms is more important for sulfate formation during Beijing haze, the heterogeneity of aerosol 380 state and pH should be considered in future studies. 381
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